7 clathrin-mediated endocytosis. Some viruses appropriate ESCRT-IIIs for their release. By 8 imaging single assembling viral-like particles of HIV-1, we observed that ESCRT-IIIs and 9 the ATPase VPS4 arrive after most of the virion membrane is bent, linger for tens of 10 seconds, and depart ~20 seconds before scission. These observations suggest ESCRT-IIIs 11 are recruited by a combination of membrane curvature and the late domains of the HIV-1 12 Gag protein. ESCRT-IIIs may pull the neck into a narrower form but must leave to allow 13 scission. If scission does not occur within minutes of ESCRT departure, ESCRT-III and 14 VPS4 are recruited again. This mechanistic insight is likely relevant for other ESCRT 15 dependent scission processes including cell division, endosome tubulation, multivesicular 16 body and nuclear envelope formation, and secretion of exosomes and ectosomes. 17 18
Introduction 19 ESCRTs are categorized into groups -0 through -III and act in various cellular processes 20 including cell division, multivesicular body formation, and wound repair (Hurley, 2015) . An IIIs (Obita et al., 2007; Stuchell-Brereton et al., 2007) . The final scission process is believed to 34 be associated with VPS4 working on ESCRT-IIIs, but the mechanism is still unresolved. In some 35 models the ESCRT-IIIs provide the motive force for scission and the VPS4 is required after 36 scission to recycle the ESCRT-IIIs for subsequent scissions (Lata et al., 2008; Wollert et al., 37 2009). In other models the VPS4 is actively engaging the ESCRT-IIIs prior or during scission by 38 actively remodeling ESCRT-IIIs in order to force scission (Saksena et al., 2009 ), by rearranging 39 ESCRT-IIIs as part of the pathway towards scission (Cashikar et al., 2014) , or by binding to 40 ESCRT dome structures in order to add rigidity necessary for scission (Fabrikant et al., 2009) . 41 ESCRT complexes are hijacked by HIV to enable separation of the viral particle from the 42 host cell plasma membrane. The production of enveloped HIV-1 at the plasma membrane occurs 43 with the recruitment of the structural protein Gag at individual assembly sites. The carboxyl 44 terminus of Gag has a motif that is essential for recruitment of ESCRTs. First Gag recruits the 45 "early" ESCRTs which contribute to subsequent recruitment of ESCRT-III proteins. The 46 ESCRT-IIIs then polymerize into structures that are believed to constrict the neck and drive 47 membrane fission. HIV release appears to require fewer members of the ESCRT family than 48 other processes. Redundancy likely makes many variants, such as CHMP5, CHMP6 and 49 CHMP7, only conditionally necessary (Morita et al., 2011) . ESCRT-IIIs that are essential for 50 assembly of HIV-1 include CHMP2 (either A or B variant) and CHMP4B, which are recruited to 51 site of budding with other proteins such as ALIX and TSG101 which interact with Gag (Morita 52 et al., 2011). The reduced number of required ESCRTs makes HIV assembly an approachable 53 system for studying the biophysics of ESCRT mediated membrane scission. 54 Prior to viral particle separation from a host cell, a roughly spherical particle is formed 55 (Martin-Serrano et al., 2003) , but the topological pathway and timing of events to reaching the 56 Gag sphere has not previously been followed in vivo. The order of some of the events in virion 57 assembly has been resolved by live-cell microscopy. First the HIV-genome is recruited to the 58 membrane, potentially with a few Gag molecules (Jouvenet et al., 2009) . Then, over a 5-30 59 minute period, the Gag accumulates around the genome (Ivanchenko et al., 2009 ; Jouvenet et al., 60 2008). Once Gag reaches a steady-state, ESCRT-III and VPS4 are transiently recruited at the site 61 of assembly (Baumgartel et al., 2011; Bleck et al., 2014; Jouvenet et al., 2011) . The timing of 62 some critical steps is not known impacting our understanding of the mechanism. It is not known 63 whether bending occurs before, during, or after the transient recruitment of ESCRTs. Thus, is 64 membrane bending driven by Gag multimerization, by Gag engagement with the HIV-1 genome 65 or by the ESCRTs? It is also not known if scission occurs before, during or after the transient 66 recruitment of ESCRT-IIIs or VPS4. Do they generate the force for scission, do they prepare the 67 membrane for scission, or does VPS4 recycle ESCRT-IIIs after scission? 68 Here we investigated, during the assembly of HIV Gag, the temporal recruitment of 69 ESCRT-III proteins and VPS4 relative to membrane scission. We also examined membrane 70 curvature during Gag assembly to determine when a spherical particle forms relative to ESCRT-71 III recruitment. We find that membrane bending occurs contemporaneous with recruitment of 72 Gag and prior to arrival ESCRT-III. The ESCRT-IIIs and the VPS4 ATPase arrive after Gag 73 assembly has concluded, remain at the membrane for tens of seconds, and then leave tens of 74 seconds before scission. During the period after departure of the ESCRT-IIIs, neutralizing the 75 surface charge on the membrane accelerates the membrane scission.
77

Results
78
ESCRT-IIIs appear and disappear from site of virus-like particle assembly prior to 79 scission. 80 To determine the timing of ESCRT recruitment relative to membrane bending and 81 scission, we quantified ESCRT recruitment during the assembly of HIV-1 virus like particles 82 (VLPs) while assaying membrane bending and scission. Scission was assayed by monitoring the 83 ability of protons to flow between the cytosol and the lumen of the virion. The pH in the lumen 84 of the virion was monitored with a pH-sensitive GFP (pHlourin) (Miesenbock et al., 1998) fused to Gag (Jouvenet et al., 2008) while modulating the cytoplasmic pH by cycling the pCO 2 every 86 10 s between 0% and 10%, thus an average of 5% pCO 2 (Figure 1figure supplement 1). CO 2 87 rapidly diffuses across plasma membranes (Hulikova and Swietach, 2014; Simon et al., 1994) 88 and is converted to carbonic acid by cytoplasmic carbonic anhydrase, altering the cytoplasmic 89 pH. We have previously observed that Gag-pHlourin in a budded VLP is less sensitive to 90 changes of pCO 2 than in the cytosol, suggesting carbonic anhydrase is excluded from VLPs 91 (Jouvenet et al., 2008) . 92 At sites of VLP assembly the average Gag-pHluorin fluorescence increase was similar to 93 the increase of Gag-mEGFP (Jouvenet et al., 2008) , but the intensity oscillated in sync with 94 switching the pCO 2 ( Figure 1A 155 Our results indicate that the ESCRT-IIIs and the ATPase VPS4 leave the membrane prior 156 to scission. It is possible that the ESCRT-IIIs play an essential role in tightening the membrane 157 neck, but then need to be cleared away to allow for the opposing membranes to come closer for 158 the scission reaction. The specific lipid composition in the neck is not known. However, both Membrane bending occurs throughout assembly of virus-like particle. 208 Next, we set out to determine when membrane bending occurs relative to the assembly of 209 Gag and recruitment of ESCRT-IIIs. We expressed a fluorescent protein (either EGFP or one of 210 two circularly permutated superfolder variants, sf3 or sf11 (Pedelacq et al., 2006) ) as a fusion to 211 Gag (at the carboxyl terminus or in the matrix protein of Gag) to be able to follow membrane 212 bending in live-cell imaging via changes in anisotropy of the GFP tag. 213 The orientation of the chromophore was characterized with a custom built polarized total In order to better understand the observed P/S ratio we formulated an expected P/S ratio 229 for a spherical cap growing out of a flat membrane ( Figure 4D ). Briefly, we assumed the 230 growing bud consisted of excitation dipoles uniformly distributed across the surface, with the 231 dipoles oriented an angle relative to the surface normal. A predicted P/S with respect to and 232 the normalized budded surface area (area from 0 to 1) was then found by integrating over all 233 defined dipole orientations and the extent budded surface area. 234 More specifically, using coordinates described previously (Anantharam et al., 2010) , 235 position on the surface of the sphere was given in terms of a polar angle and an azimuthal 236 angle , and the current extent budded was defined by ( Figure 4E) . Thus, when = 0° there 237 was no budding, when = 90° the sphere was half budded with dipoles from = 0°→ 238 90°, and when = 180° the sphere was fully budded with dipoles from = 0°→ 180°.
Acidification of cytosol accelerates scission
239
A uniform distribution of excitation dipoles was assumed on the bud (no dependence on or ); 240 however, at any given position these dipoles had an angular distribution that depended on the where C back was the background intensity relative to final VLP intensity and P/S Background was 305 the ratio of fluorescence when puncta A = 0, i.e. P/S Background = P/S VLP (0, (0)). 306 We found an angle = 45°, C back = 0.45, and = 1 approximately replicated the observed 307 results ( Figure 4A,F Figure 1B,D,F,H) . Based on the observed distribution of appearance and disappearance times 512 relative to scission, with an average of roughly a minute, we excluded data in which scission and 513 ESCRT-III/VPS4A recruitment were more than four minutes apart. Excluded data was attribute 514 to a failed or uncorrelated scission event. ~25 traces under each condition were collected to gain 515 understanding of the distribution of events. 516 The average signal-to-noise was approximately 7:1 (peak signal:S.D.) across all ESCRT-517 III/VPS4A measurements, and ESCRT-III/VPS4A recruitment was estimated to be detectable 518 when the sustained signal deviated from the mean by ~1-2 standard deviations. Based on this 519 deviation it is estimated that ESCRT-III/VPS4A recruitment below ~20% of peak recruitment 520 would be undetected. We estimate that there are between 10-100 ESCRTs in a complex at peak 521 signal, with the possibility of < 10 ESCRTS undetectable in the background noise. Assuming a 522 peak signal (100 ESCRTs) decreases exponentially into the noise after 10s (10 ESCRTS), we 523 estimate only ~1 ESCRTs would remain after another 10s. This time is comparable to the ~20s 524 measured between peak disappearance and scission. If the disappearance is faster than 525 exponential, e.g. linear, the ESCRTs will be gone even sooner. This interpolation of ESCRT-IIIs 526 or VPS4A disappearance profiles into the noise indicates the ESCRTs predominantly leave the 527 budding site prior to scission (Figure 1figure supplement 2) . For a significant number (> 1) of 528 either ESCRT-IIIs or VPS4A to be around following scission there would need to be a second, 529 smaller population that follows much slower disappearance kinetics. 530 For pCO 2 switching every 120 s for each tracing we determined the first transition of 531 pCO 2 for which the fluorescence had decreased sensitivity, indicating protons were no long freely flowing between cytosol and lumen of the VLP. We assumed that scission must have streamed from a CMOS camera (Flash-4.0, Hamamatsu, Hamamatsu City, Japan) to a 578 workstation (T7500, Dell, Round Rock, TX) running image acquisition software (Metamorph). 579 A single band emission filter (ET525/50m, Chroma) was used to isolate fluorophore emission. In 580 order to characterize the amount of Gag in an assembling VLP, an average ̂ 2 •̂ image was 581 also generated at each time point.
582
Polarization Analysis. Puncta were found in the ̂ 2 •̂ images which increased and then 583 plateaued in amplitude. These puncta were then selected for orientation analysis with ̂̂ . A 2D 584 Gaussian was fit to these assembling puncta to find a frame by frame subpixel peak location. 585 Using bilinear interpolation the ̂̂ and ̂ 2 •̂ images were resampled 10X in the horizontal 586 and vertical directions (65 nm to 6.5 nm wide pixels). On these resampled images P/S and P + 2S 587 values were found by averaging the resampled pixel intensities that are within 100nm of the peak 588 fit locations ( Figure 4A, Figure 4figure supplement 1) . For frames prior to the appearance of a 589 puncta P/S and P + 2S values were determined using the fit location of the first frame in which 590 there was a puncta fit. For each tagged version of Gag the average P/S value for background and 591 assembled VLPs was calculated by finding an average P/S for each trace before assembly and 592 after a plateau was reached, and then averaging across all traces ( Figure 4B ). A relative time to 593 half growth for each VLP was determined by finding the halfway to assembly point (i.e. the 594 point where the intensity is halfway between the intensity at assembly beginning and plateau) 595 and then finding the normalized time at this point relative to the time assembly began and 596 appeared to reach a plateau. This normalized time was between 0 and 1. A normalized time to 597 halfway drop in P/S was also found (normalized to the same time scale) and these values were 598 subtracted to find: t 1 2 of P+2S − t 1 2 of P S (normalized). All fluorophore combinations were 599 included in the P/S histogram ( Figure 4C ) since all combinations had similar P/S characteristics. 600 
